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Nanoscale zerovalent iron (NZVI) rapidly transforms many
environmental contaminants to benign products and is

a promising in-situ remediation agent. To be effective, NZVI
should form stable dispersions in water such that it can
be delivered in water-saturated porous media to the
contaminated area. Limited mobility of NZVI has been
reported, however, attributed to its rapid aggregation. This
study uses dynamic light scattering to investigate the
rapid aggregation of NZVI from single nanoparticles to
micrometer size aggregates, and optical microscopy and
sedimentation measurements to estimate the size of inter-
connected fractal aggregates formed. The rate of
aggregationincreased with increasing particle concentration
and increasing saturation magnetization (i.e., the maximum
intrinsic magnet moment) of the particles. During diffusion
limited aggregation the primary particles (average radius =
20 nm) aggregate to micrometer-size aggregates in only
10 min, with average hydrodynamic radii ranging from 125
nm to 1.2 um at a particle concentration of 2 mg/L
(volume fraction(®) = 3.2 x 1077) and 60 mg/L (® = 9.5
x 1079), respectively. Subsequently, these aggregates
assemble themselves into fractal, chain-like clusters. At
an initial concentration of just 60 mg/L, cluster sizes reach
20—70 um in 30 min and rapidly sedimented from solution.
Parallel experiments conducted with magnetite and
hematite, coupled with extended DLVO theory and multiple
regression analysis confirm that magnetic attractive
forces between particles increase the rate of NZVI aggregation
as compared to nonmagnetic particles.

Introduction

The ability of nanoscale zerovalent iron (NZVI) particles to
rapidly dechlorinate chlorinated organics or to immobilize
heavy metals found in contaminated groundwater is well
documented (I—3) and initial field demonstrations are
promising (4). The high surface area and resulting high
reactivity of NZVI makes it a promising and flexible technol-
ogy for in-situ remediation of groundwater contaminants
that are amenable to reduction by Fe’. High reactivity alone,
however, is not sufficient to make NZVI a good in-situ
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remediation agent. NZVI must also be readily dispersible in
water such that it can migrate through water-saturated porous
media to the contaminated area. Recent studies have reported
limited mobility of NZVI particles in saturated porous media,
i.e., practical transport distances of only a few centimeters
or less for bare unsupported particles (5). There are two likely
explanations for the poor transport of NZVI in water-saturated
porous media. First, NZVI can be filtered from solution by
attachment to aquifer materials (6). Second, aggregation and
subsequent gelation (formation of a particle network) could
cause pore plugging which limits transport (7).

Colloidal stability is operationally defined as the ability
of a particle dispersion to resist aggregation for a specified
time (8). Colloidal stability is promoted by the existence of
an energy barrier in the interparticle interaction potential.
According to conventional DLVO theory, the net interaction
energy between particles is the sum of van der Waals
attraction and electrostatic double layer repulsion and
depends on the size, Hamaker constant, and surface potential
of the particles, and on the solution ionic strength. NZVI
exposed to water acquires an oxide shell, resulting in Fe/
Fe-oxide core/shell particles. Reactive nanoscale iron par-
ticles (RNIP) manufactured by Toda Kyogo, Japan, have a
Fe® core and a magnetite (FesO,) shell (1, 9). Both Fe® and
Fe;0, are magnetic (10—12) so magnetic attractive forces
between particles may also affect the dispersion stability (13).
The influence of the magnetic properties of iron nanoparticles
on their aggregation is apparent under an applied magnetic
field, where ferromagnetic or paramagnetic dispersions form
chain-like aggregates in which the dipoles are oriented in a
head—tail configuration along the direction of the field (13—
15). Even in the absence of a magnetic field, chain-like
aggregation of magnetic nanoparticles is commonly observed
(1, 9, 16) albeit after drying. This behavior is consistent with
theoretical calculations (15) and molecular dynamics simu-
lations (17) that predict this phenomenon. Thus, in addition
to conventional DLVO forces acting on the particles, an NZVI
dispersion might undergo dipole—dipole attraction between
the magnetic moments of the particles which may affect
their size and dispersion stability.

Under certain conditions, aggregation can result in the
assembly of a large network of fractal aggregates. This process
is called gelation (8, 18, 19). Gelation of the chain-like
aggregates to form a fractal network can enhance gravitational
sedimentation (19). Gelation can also affect the rheological
properties of the dispersion such as viscosity (20), which
could also limit their mobility. Once injected into a porous
medium, the cross-linked structure of a gelled NZVI disper-
sion could create an impermeable barrier and thus plug the
pore spaces in an aquifer, further limiting mobility (21).
Understanding aggregation and gelation dynamics, as well
as the size and morphology of the resulting aggregates, is
crucial to predicting their mobility in water-saturated porous
media.

The aggregation, gelation, and sedimentation of NZVI
dispersions used for in-situ groundwater remediation have
not been reported. The objectives of this study are to (1)
determine the aggregation rate and observe the aggregates
formed during diffusion-limited aggregation (DLA) of NZVI
to micrometer-sized clusters and the subsequent gelation of
these clusters into chain like aggregates (under DLA, no
energy barriers to attachment exist and when two particles
collide they aggregate), (2) to determine the effect of NZVI
dispersion concentration on the rate of aggregation and the
size of the aggregates formed, and (3) to evaluate the
importance of magnetic attractive forces on the rate of NZVI
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aggregation. Dynamic light scattering (DLS) is used to monitor
aggregate evolution from nanosized primary particles to
micrometer-sized aggregates. Optical microscopy and NZVI
sedimentation rates observed by UV—vis spectrophotometry
are used to estimate the size of the NZVI aggregates formed.
NZVI dispersion concentrations ranged from 2 to 1320 mg/
L. The high end of this range (g/L) represents that which
would be used in NZVI field application for in-situ ground-
water treatment. The influence of the magnetic attractive
forces between NZVI particles on aggregate formation is
assessed by comparing the aggregation of NZVI with less
magnetic (magnetite) and nonmagnetic (hematite) iron
nanoparticles with similar colloidal properties aside from
their magnetization. Factor analysis and extended DLVO
theory that includes the effect of magnetic dipole—dipole
interactions are used to explain the rapid aggregation and
gelation observed in NZVI dispersions.

Materials and Methods

Iron-Based Nanoparticles and Dispersions. RNIP, a com-
mercially available reactive Fe’/Fe;O, core—shell NZVI
particle, was provided by Toda Kyogo, Japan. The physical
and chemical properties of RNIP have been previously
reported (I, 9). Magnetite (Fe;04) and hematite (o-Fe,O3)
nanoparticles were obtained from Nanostructured and
Amorphous Materials Inc (Los Alamos, NM). Aqueous
dispersions (2—1320 mg/L) of RNIP, magnetite, and hematite
nanoparticles were prepared in a 1 mM NaHCO; solution
(pH 7.4) without deaeration. Prior to use, RNIP had been
stored as an aqueous slurry at 6 g/L for 5 months in a sealed
container. From this slurry, a stock dispersion (3 g/L) was
prepared in 1 mM NaHCOjs followed by ultrasonication for
30 min to break aggregates formed during storage. The stock
dispersion was then pre-settled for 5 min to remove the largest
particles (>~2 um). Magnetite and hematite were available
as powder, so a stock dispersion (3 g/L) was prepared by
adding a weighed mass of powder to a 1 mM NaHCOs
solution. The total iron (Fe’ + Fe-oxides) concentration in
each of these stock solutions was determined by atomic
absorption spectrometry after acid digestion in concentrated
HCl (trace metal grade). Dispersions for analysis were
prepared by diluting the stock dispersions in 1 mM NaHCOs3
to the desired concentration. Each dispersion was sonicated
for 1 min just prior to DLS, optical microscopy, or the
sedimentation experiments.

Particle Characterization. The magnetic properties,
electrophoretic mobility, particle size, hydrodynamic radius,
and Fe® content were determined at 25 ‘C (298 K). The
saturation magnetization and coercivity were analyzed by
superconducting quantum interference device (SQUID) (22).
With SQUID, magnetization is determined as a function of
applied magnetic field between +3980 kA/m. The saturation
magnetization is the maximum induced magnetic moment
for a material when all magnetic domains in a particle are
aligned parallel. A magnetic field of the opposite direction
is then applied to reduce the remanent magnetization to
zero. This demagnetizing field is the coercivity. The elec-
trophoretic mobility was measured for dilute dispersions (~30
mg/L) in 1 mM NaHCOs; with a Malvern Zetasizer (South-
borough, MA). Measured electrophoretic mobilities were
converted to apparent {-potentials using the Helmholtz—
Smoluchowski relationship.

DLS (Malvern Zetasizer, Southborough, MA) was used to
monitor the time-dependent hydrodynamic diameter of
aggregates during the early stage of aggregation where the
nanoparticles are too small to be investigated by the optical
microscope. Dilute samples (2—75 mg/L) were used in order
to avoid multiple scattering which can make data interpreta-
tion difficult. The CONTIN algorithm was used to convert
intensity autocorrelation functions to intensity-weighted

TABLE 1. Physical Properties of Iron-Based Nanoparticles and
Dispersions in 1 mM NaHCO; at pH 7.4.

saturation
average average zeta magneti-
diameter density potential  zation
sample composition (nm) (g/cm3) (mV) (kA/m)
RNIP 14.3/85.7% 402 6.15% —31.7 570
(Fe% Fe304) +0.89
magnetite 98+% 27.5¢ 4.95° —38.2 330
( Fe30y4) + 1.1
hematite 98+% 40¢ 5.24¢ —-39.0 14
((X.—F6203) + 0.6

2 Nurmi et al., ref 9. ®» Reported by Toda Kyogo (Japan). ¢ Reported
by Nanostructured and Amorphous Materials Inc (USA). @ Errors bars
represent one standard deviation based on three measurements.

particle hydrodynamic diameter distributions, assuming the
Stokes—Einstein relationship for spherical particles.

The Fe® content of RNIP was determined (separately from
total iron) by acid digestion in a closed container with
headspace. H, produced from the oxidation of Fe’ in RNIP
by H* is used to quantify the Fe® content of the particles (1).

In-Situ Optical Microscopy. The aggregation and gelation
of RNIP dispersions were observed in-situ using optical
microscopy (Nikon Eclipse TE300, Hauppauge, NY). A 4.5-
mL capped UV—vis cuvette containing 4-mL of a RNIP
dispersion at concentrations ranging from 60 to 425 mg/L
was placed horizontally into the microscope. Images of RNIP
aggregates in the dispersion were recorded 15/sec for 35
min at 400x magnification. All measurements were con-
ducted at 25 °C.

Sedimentation. Nanoparticle (RNIP, magnetite, or he-
matite) sedimentation was determined for concentrations
ranging from 2 mg/L (® =3.2 x 1077) to 1320 mg/L (® = 2.1
x 107%) by monitoring the optical absorbance at 508 nm as
a function of time by UV—vis spectrophotometery (Varian,
Palo Alto, CA). All measurements were made at 25 °C.
Standard curves (absorbance vs concentration) for RNIP,
magnetite, and hematite are provided in the Supporting
Information (Figure S1).

Multiple Regression Analysis. To determine the signifi-
cant parameters governing the different aggregation rates
for RNIP, magnetite, and hematite, multiple regression
analysis was performed using the Statistical Package for Social
Sciences (SPSS for Windows, Version 12; SPSS Inc., Chicago).
The dependent parameter (dispersion stability) was regressed
against the independent physical properties of the nano-
particles which should influence the colloid aggregation and
sedimentation rates, including volume fraction (®), ¢-po-
tential, particle diameter (r), particle density (ps), and
saturation magnetization (M,). The data were linearized using
a common logarithm prior to regression analysis. Unstand-
ardized regression coefficients (B) and standardized regres-
sion coefficient (') are reported with two-tailed p-values
(p). A p-value less than 0.05 is considered statistically
significant.

Results and Discussion

Particle Properties. The physical properties of each iron
nanoparticle are summarized in Table 1. Given the age of
the particles, the measured Fe® content (14%) is less than the
manufacturer reported value of 60%. This is due to the
oxidation of Fe® by water to more oxidized iron oxide phases
such as Fe;04 (dominant), y-Fe,0s, and y-FeOOH (I, 9, 23)
during storage in water. The saturation magnetization (Ms)
of RNIP (570 kA/m) lies between that of magnetite (330 kA/
m) and Fe? (1226 kA/m (12)), consistent with its Fe?/Fes0,
core—shell structure and the low Fe? content (14%) of the
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FIGURE 1. Evolution of the average Ry of dominant size class as
a function of time for RNIP, magnetite, and hematite at pH 7.4. The

particle size distribution for RNIP and magnetite becomes bimodal
at the last measured point due to gelation of aggregates.

aged particles. Particles that had been stored in an anaerobic
chamber at pH 11 for ~3 months had a higher Fe’ content
(23%) and a M, of 720 kA/m (Supporting Information Figure
S2). The M; of hematite is ~0 as it is not ferromagnetic.

The size of the magnetite and hematite nanoparticles used
here are below the critical size needed for multiple magnetic
domains, which are 80 nm and 15 um, respectively (24, 25)
Thus, they are assumed to be single magnetic domain
particles. For particles with multiple magnetic domains, the
magnetic moment of these domains can be aligned randomly
and cancel each other out, resulting in a decrease in, or
absence of, the apparent magnetization (10). Single domain
particles can have only one magnetic domain so the observed
magnetization is equal to the intrinsic saturation magnetiza-
tion (10) which can be used to estimate the magnitude of the
magnetic attractive force between the particles. RNIP is a
complex mixed phase (Fe’/Fe;0,) particle, and distinguishing
between single domain and multiple domain particles is not
simple, but can be evaluated from the remanent magnetiza-
tion (My), saturation magnetization (M), and coercivity (Hy),
obtained from the hysteresis cycle of the magnetization loop
using SQUID (Supporting Information Figure S2). The ratio
of M,/M; for RNIP is 0.13 while its H. is 12.6 mT. Based on
these magnetic parameters, RNIP is pseudo-single domain
(0.1 < M;/M; < 0.5,and 10 < H. < 15mT), and the saturation
magnetization can be used to estimate the magnitude of the
magnetic attractive force between the particles (24, 25)

Regimes of NZVI Aggregation and Subsequent Chain-
Like Gelation. Based on our observation, there are two phases
of NZVI aggregation. First, the NZVI rapidly aggregates to
form discrete, micrometer-sized aggregates. This is followed
by the linking of each of these aggregates into chains, or
gelation (Supporting Information Figure S3). Supporting
evidence for these regimes are discussed below.

First Regime: Aggregation of NZVI Particles to Discrete
Micrometer-Sized Aggregates. The particle size distribution
(geometric mean hydrodynamic diameter) was monitored
by DLS over time for RNIP, magnetite, and hematite
dispersions ranging in concentration from 2 to 74 mg/L. The
growth of the average hydrodynamic radius, Ry, (one half of
the measured hydrodynamic diameter) for RNIP, magnetite,
and hematite are shown in Figure 1. The evolution of
intensity-averaged particle size distributions (i.e., the raw
data) for each particle type is provided in the Supporting
Information (Figure S4). For times less than 30 min, a
monomodal distribution of particle hydrodynamic radii were
observed for all three types of particles. For RNIP and
magnetite at concentrations of 60 mg/L and 69 mg/L,
respectively, a bimodal distribution appears after 30 min.
This is when the system transitions from the first regime to
the second regime (chain formation and gelation), with the
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mode with smaller Ry being particle aggregates and the mode
with larger Ry being gelled aggregates (Figure S4b and S4c).

At low concentration (2 mg/L, volume fraction (®) = 3.2
x 1077) RNIP has an initial average Ry of 109 nm. Because
the range of radii for individual RNIP particles are from 5 to
40 nm (average radius = 20 nm) (9), an average Ry of 109 nm
observed after only 3.5 min (Figure 1) indicates that the
primary RNIP particles rapidly aggregate. Primary RNIP
particles with Ry ranging from 9 to 15 nm are observed (Figure
S4a), but at a very low intensity (0.2%). As aggregation
proceeds, the average Ry reaches a stable size of ~125 nm
after 10 min (Figure 1). The rate of aggregation and the stable
size of the individual aggregates formed increases with
increasing particle concentration. At an initial RNIP con-
centration of 60 mg/L (® = 9.5 x 107°) the stable average Ry
was 1.2 um compared to 125 nm for 2 mg/L (® = 3.2 x 1077)
(Figure 1). This is consistent with theory which predicts that
the aggregation rate has a second-order dependence on
particle concentration (8).

The evolution of the particle size distribution for magnetite
also showed a monomodal distribution in the first regime
and bimodal distributions upon transition to the second
regime (Figure S4cin the Supporting Information). In contrast
to RNIP and magnetite, the evolution of particle size
distribution of hematite showed only a monomodal distri-
bution, and no transition to the second regime was observed
after 2 h at an initial concentration of 73 mg/L (Figure S4d
in the Supporting Information). The stable average Ru for
magnetite and hematite at 69 mg/L (® = 1.4 x 1075 and 73
mg/L (®=1.4 x 1075 are 185 and 110 nm, respectively, after
7 min (Figure 1). Comparing the aggregate sizes for RNIP,
magnetite, and hematite at similar concentrations (~70 mg/
L), the average Ry of the aggregates increases as the saturation
magnetization of the particles increases, hematite < mag-
netite < RNIP. Because the physical properties of the particle
types are similar (size and zeta potential), magnetic attractive
forces between the particles are likely responsible for the
difference. The effect of magnetizm is explored further later
in this study.

The individual submicrometer or micrometer-size ag-
gregates that form in the first 20—30 min ultimately become
the primary units forming the chain-like clusters in the second
aggregation regime. The transition from the first regime of
aggregation to the second regime of gelation, although
studied in dilute dispersions, can be expected to occur in
concentrated dispersions of these iron-based nanoparticles,
although they should occur at a faster rate as discussed next.

Second Regime: Chain Formation and Gelation of
Micrometer-Size Aggregates. The formation of larger chain-
like fractal aggregates from the individual micrometer-sized
aggregates formed in regime 1 was observed in a 60 mg/L
(® = 9.5 x 1075 RNIP dispersion with a light microscope
(Figure 2). At this concentration, micrometer-size clusters
are observed after only 1 min followed by the aggregation of
these clusters into doublets or triplets, and finally into chain-
like fractal aggregates (Figure 2c and d). For DLA, the Ry of
the micrometer-sized fractal aggregates formed at a particular
time can be approximated using eqs 1 and 2 (26)

Df
R; =R, D—f > 1)
RH
R_G = 0.875 2)

where R is the radius of gyration, the radius of a dense
sphere which has the same mass as the fractal aggregate of
interest. R, is one half of the observed fractal aggregate
diameter at the time of interest. At 3.75 min (Figure 2b), R,



FIGURE 2. In-situ micrographs illustrating aggregation kinetics of the dispersion of RNIP at 60 mg/L (pH 7.4, ® = 1075%): (a) time () =
1 min; (b) t = 3.75 min; (c) £ = 9 min; and (d) £ = 30 min. Scale bar = 25 ym.
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FIGURE 3. (a) Sedimentation curves of RNIP at various initial concentrations (semilog); (b) relationship between ¢ and particle concentration
for RNIP, magnetite, and hematite (log—log); (c) empirical relationship between Ry and # determined for dilute RNIP dispersions; (d)
predicted and measured Ry for concentrated RNIP dispersions in the three different sedimentation regions. Open symbols are predicted
values. Hashed squares are the values determined by DLS on samples taken after 2 h during Sedimentation II.

ranged from 2 to 2.5 um. Assuming DLA and a fractal
dimension (D) = 1.67, eq 1 and 2 yield an Ry of 1.2—1.5 um
at 3.75 min. This estimated Ry is in good agreement with the
DLS result (Figure S4b) which reports the upper end of the
Ry distribution to be approximately 1 um. After 9 min, some
chain-like aggregates begin to form, while the individual
micrometer-sized aggregates are still present (Figure 2c). This
is also consistent with the DLS result at 10.5 min (Figure S4b)
showing an increase of hydrodynamic radius to ~1 ym and
aggregates of up to 4.0 um. After 30 min, the gelation of
chain-like aggregates was observed (Figure 2d) where the
length of the chains in the network varies from around 15—
50 um. Aggregation of particles in dispersions with a higher
initial concentration (430 mg/L, ® = 6.9 x 107 was more
rapid than at 60 mg/L, but the overall chain-like morphology
of the aggregates appears to be the same (Supporting
Information Figure S5).

Effect of Aggregation and Structure Evolution on the
Sedimentation of NZVI Dispersions. The effect of aggrega-
tion and gelation on the sedimentation of NZVI dispersions
was investigated by monitoring the sedimentation rates of
nanoparticle dispersions with different initial particle con-

centrations (Figure 3a). The sedimentation curves of RNIP
have three distinct regions (aggregation I, sedimentation I,
and sedimentation II) for the concentrated dispersions (190—
1130 mg/L), while that of the most dilute dispersion (4 mg/
L) consists of only one region. This characteristic is also true
for magnetite and hematite dispersions (Supporting Infor-
mation Figure S6). In the aggregation I region, the sedi-
mentation rate is low. During this time, the particles aggregate
to form the chain-like aggregates as observed with the optical
microscope, but largely remain suspended. Eventually, at a
time fir, the chain-like aggregates gel to reach a critical size
where sedimentation of the chain-like aggregates becomes
rapid (sedimentation I). The critical time shortens as the
initial particle concentration increases due to the more rapid
aggregation at the higher concentration. At the end of the
sedimentation I region, the sedimentation rate becomes low
again, and this probably corresponds to the sedimentation
of aggregates which did not form critical size chain-like
clusters. For initial particle concentrations of less than about
7.5 mg/L, the aggregates never reach a critical size and are
only slowly sedimented from solution (Supporting Informa-
tion Figure S7).
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The magnitude of the effect of the dispersion concentra-
tion and the magnetic attraction between the particles can
be evaluated by comparing . for RNIP, magnetite, and
hematite at different initial concentrations. As shown in
Figure 3(b), using least-squares fitting, f.; and particle
concentration are related by a power law with the exponents
of —0.83, —1.05, and —1.29 for RNIP, magnetite, and hematite,
respectively. Even at low concentrations of RNIP (80 mg/L),
aggregation of nanoparticles into clusters that are large
enough to be affected by gravity occurs in less than 30 min.
At high particle concentrations that would be used in site
remediation (~g/L range), particle aggregation and sedi-
mentation occurs very rapidly (¢ ~3 min).

The effect of magnetic attractive forces on aggregation
and sedimentation can be determined by comparing i for
RNIP (M = 570 kA/m), magnetite (M; = 330 kA/m), and
hematite (M; = 14 kA/m) at similar concentrations (Figure
3b). The t.i; observed for hematite dispersions (nonmagnetic)
is significantly higher than for magnetite or RNIP dispersions
which are magnetic. The order of increasing ¢ hematite >
magnetite > RNIP follows their relative magnetization,
indicating that the magnetic attractive forces between
particles affects their aggregation and gelation and resulting
tendency to sediment.

Unlike dilute dispersions, the hydrodynamic radius of
the aggregates formed in concentrated suspensions cannot
be measured directly with DLS due to multiple scattering.
The size of the fractal aggregates formed in the concentrated
slurry can, however, be estimated from the sedimentation
curves. Obeying the two local conservation equations for
mass and linear momentum, an equation to describe the
local concentration of sedimenting particles as a function of
time can be expressed as (27)

Cp=Cpe " 3)

where C, is the concentration of the sedimenting phase at
time ¢, Cy is the initial particle concentration at the beginning
of the sedimentation region, and for a fractal aggregate with
hydrodynamic radius Ry, the characteristic time, 7, is given
by

B — pp

T=—F— 4)
28" (p, — p)°Riy

where 7 is the solvent viscosity, § is a function of the

permeability of the fractal aggregate (26—29), px is the fluid

pressure, ps and pj are density of solid component and liquid,

and g is the acceleration due to gravity.

Since each region of the sedimentation curve (Figure 3a)
for concentrated RNIP dispersions (190—1130 mg/L) can be
fitted by exponential decay (eq 3), we can calculate 7 for each
region and thus estimate the average Ry of fractal aggregates
sedimenting in each region if § is known. Based on the Ry
measured by DLS for the dilute dispersions (2—74 mg/L) of
RNIP, and on the 7 obtained from fitting sedimentation curves
for RNIP at these dispersion concentrations (Supporting
Information Table S1), there is a linear relationship between
the measured average Ry and fitted j of the fractal aggregates
formed (Figure 3c) given by eq 5 where Ry is in meters.

B=5x 10°R;) — 1.5 x 10° (5)

Fluid flows more easily through a fractal aggregate with higher
permeability and the aggregate experiences less hydrody-
namic drag force so permeable fractal aggregates sediment
faster than impermeable spheres (26, 29). Since the porosity
of fractal aggregates increases radially from a dense core to
sparse outer edges (26), the permeability (5) should increase
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as Ry increases as in eq 5. By extrapolating this relationship
to the more concentrated dispersions where Ry of the fractal
aggregates cannot be directly measured using DLS, we can
obtain a rough estimation of the average Ry from 7 of each
region as summarized in Figure 3d. The values of r determined
from fitting the sedimentation data in each region and for
each concentration is provided in the Supporting Information
(Table S2). To verify the accuracy of the predicted Ry values,
the estimated Ry (Figure 3d, open boxes) in the Sedimentation
II region for various initial RNIP concentrations (based on
the measured 7) is compared with those measured by DLS
after ~2 h when the remaining RNIP concentration is low
enough to avoid multiple scattering (Figure 3d, boxes with
hash marks). The measured values (Ry =9.8—12.9 um) agrees
well with the estimates using this method (Ry = 7.6—9.3 um).
The measured particle size distributions and the summary
of average Ry used in this evaluation are provided in
Supporting Information Figure S8 and Table S3.
Influence of Intrinsic Magnetic Attraction on Rapid
Aggregation and Sedimentation of Aqueous NZVI Disper-
sions. The rapid aggregation of RNIP compared to the
magnetite and hematite dispersions at similar initial particle
concentrations can be explained using extended DLVO theory
and statistically validated using multiple regression analysis.
Extended DLVO Theory. The time scale of colloidal
dispersion stability is determined by the magnitude of the
energy barrier between particles. According to classical DLVO
theory, the major attractive energy is the van der Waals energy
(Viaw) while the major repulsive energy is electrostatic double
layer interaction energy (Ves) (6, 8, 13) The Viqw attractive
energy between spherical particles can be expressed as (13

(4a + s)

_ 2 2
_ —Al 2a n 2a ns .
2a + s)

V = -
VW6 |sa+s)  (2a+s)?

) where A is the Hamaker constant, which is 107¥ N-m for
Fe, y-Fe,03 and Fe304 (11), a (m) is the radius of particles,
and s (m) is distance between surface of two interacting
particles. Electrostatic repulsion between two identical
particles can be expressed as (13)

Vig = 27e,e,al’In[1 + e *s] @)

where ¢, is the relative dielectric constant of the liquid, ¢, is
the permittivity of the vacuum, ¢, the zeta potential, is
assumed to equal the surface potential of the charged
particles, and « is the inverse Debye length. Applying classical
DLVO theory and assuming spherical particles, an energy
barrier of ~7.0 kgT is predicted for RNIP (Figure 4) where kg
is the Boltzmann constant (1.38 x 1072 m? kg s=2 K™1). This
applies to single particle—particle interactions and not
necessarily to particle—aggregate interactions which are more
complicated; however, the trends will be the same for each
case. This energy barrier corresponds to a stability ratio of
~90, i.e., aggregation of particles with this energy barrier is
predicted to be 90 times slower than for particles aggregating
under DLA without an energy barrier, suggesting that
dispersions of these particles should be stable. This contrasts
with the observed behavior. Slightly larger energy barriers
are predicted for magnetite and for hematite (Figure 4, solid
lines).

Iron nanoparticles that behave as a single domain
magnetic particle have an intrinsic permanent magnetic
dipole moment u = (47/3)r*M; even in the absence of an
applied magnetic field (10, 11, 15, 16). r(m) is the radius of
the particle and equal to a in eqs 6 and 7. When particle
dipoles are oriented in a head-to-tail configuration, the
maximum magnetic attraction energy (Vi) can be expressed
as (13)
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FIGURE 4. Potential energy of interaction for a pair of RNIP particles
according to classical DLVO theory and extended DLVO theory when
particle dipoles are oriented in head-to-tail configuration. The
parameters used in this simulation are as follows: r =20 nm for
RNIP and hematite, r = 13.75 nm for magnetite, A = 107" N'm,
= —31.7, 382, and 39 mV for RNIP, magnetite, and hematite,
respectively, Ms = 570, 330, and 14 kA/m for RNIP, magnetite, and
hematite, respectively. The potential interaction energy of hematite
modeled by classical and extended DLVO are not significantly
different.
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where uy is the permeability of the vacuum. The potential
energy interaction for RNIP that includes this magnetic
attraction is also shown in Figure 4 (dashed lines). For
magnetic nanoparticles such as RNIP and magnetite the
magnetic attraction dominates the interaction energy, and
there is no longer a predicted energy barrier to aggregation.
This is in agreement with the rapid aggregation observed for
these particles. This analysis assumes an ionic strength of 1
mM to correspond to that used in the experiments. At ionic
strengths typical for groundwater, ~10 mM, aggregation
would be even more rapid.

Multiple Regression Analysis. Aggregation and subse-
quent sedimentation of iron-based nanoparticle dispersions
depend on of their radius, 7 (nm), their ¢ potential (absolute
value, mV), the initial volume fraction (®), which is pro-
portional to the concentration of dispersion, the particle
density, ps (g/cm?), and the magnetization, M, (kA/m).
Because I is the time when the aggregates or structural
networks reach a critical size with respect to gravitational
sedimentation, it is influenced by how rapidly the nano-
particles transform to micrometer-size aggregates in the first
regime, and how fast the micrometer-size aggregates as-
semble to fractal clusters or chain-like networks in the second
aggregation regime. Thus, an empirical relation can be
determined using f.i (min) as a dependent variable together
with the measurable parameters governing colloidal interac-
tion and the kinetics of aggregation and sedimentation.

Log 7.4 =K + By, Log @ + B, Log r + By, Log M+
B,Log &+ B Logps (9)

Bo,, B, Bu, B ¢ and B, are unstandardized regression
coefficients for @, r, M, ¢, and ps, respectively. From the
analysis, K, Bs,, B, and By, are 1.677, —0.904, —2.555, and
—0.445, respectively. The standardized regression coefficients
("), which indicate the normalized influence of each of the
independent parameters on the dependent parameter such
that they can be directly compared, are —0.607, —0.367, and
—0.610 for @, r, and M;, respectively. The two-tailed p-values
(p) for @, r, and Ms is 0.000. Details of the input and the

results for the nonlinear multiple regression as well as the
validation are available in the Supporting Information (Table
S4—S6 and Figure S9). ¢ (mV) and ps (g/cm?®) are excluded
from the analysis by the SPSS because the slight variation of
¢ and ps between the nanoparticles studied here were not
sufficient to significantly affect fi. Thus, the physical
parameters which govern the difference among 7. of these
iron-based nanoparticles are @, r, and M,. The magnitude
of f' for each independent variable indicates how significant
that independent variable is to the dependent variable. The
influence of M; (' = —0.610) over f. is as significant as that
of ® (' = —0.670), indicating that the magnetic attractive
forces between NZVI particles affect its ability to form stable
dispersions as significantly as increasing the concentration.
This study used relatively oxidized RNIP (Fe? = 14%), so fresh
RNIP with a higher Fe® content and larger saturation
magnetization would be expected to aggregate even more
rapidly than observed in this study. Thus, while a high Fe®
content is desirable for remediation to deliver more electron
equivalents for reducing contaminants, it will also increase
the rate of aggregation of the particles.

The rapid aggregation of NZVI (consisting of ~20 nm
primary particles) into micrometer-sized fractal aggregates
has several implications. For example, in response to
concerns about the environmental fate of nanomaterials,
deep-bed filtration models have been used to estimate
transport distances and sticking coefficients of nanomaterials
in water-saturated porous media (5, 7, 30). These models
assume that the particle size is fixed as the primary particle
radius. However, given the rapid aggregation of NZVI into
micrometer-sized fractal aggregates, it may be more ap-
propriate to specify the aggregate size since the choice of
particle size greatly affects the estimated effective mobility
of the particles. Further, this rapid aggregation necessitates
the use of adsorbed polymers to modify the NZVI surfaces
(7, 31), or supported NZVI (5), to inhibit aggregation and
improve mobility. Further advances in synthesis of reactive
NZVI should consider ways to decrease their magnetization
(e.g., the use of dopants or ways to synthesize multiple
domain particles) as a means to improve the dispersion
stability. However, methods to minimize attachment of NZVI
to aquifer minerals would still be needed (7).
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